Neural stem cells, which exhibit self-renewal and multipotentiality, are generated in early embryonic brains and maintained throughout the lifespan. The mechanisms of their generation and maintenance are largely unknown. Here, we show that neural stem cells are generated independent of RBP-J, a key molecule in Notch signaling, by using RBP-J −/− embryonic stem cells in an embryonic stem cell-derived neurosphere assay. However, Notch pathway molecules are essential for the maintenance of neural stem cells; they are depleted in the early embryonic brains of RBP-J −/− or Notch1 −/− mice. Neural stem cells also are depleted in embryonic brains deficient for the presenilin1 (PS1) gene, a key regulator in Notch signaling, and are reduced in PS1 +/− adult brains. Both neuronal and glial differentiation in vitro were enhanced by attenuation of Notch signaling and suppressed by expressing an active form of Notch1. These data are consistent with a role for Notch signaling in the maintenance of the neural stem cell, and inconsistent with a role in a neuronal/glial fate switch.
Neural stem cells, which are considered the ultimate lineage precursors to all neuronal and glial cells in the mammalian nervous system, are present not only in the developing brain but also in the adult brain Gage 2000) . Although neural stem cells have a fundamental role in generating cellular diversity in the developing mammalian nervous system and in maintaining normal brain functions in adult brains (Lois and Alvarez-Buylla 1994; Tropepe et al. 1999; Shors et al. 2001) , little is known concerning molecular mechanisms regulating the generation and maintenance of neural stem cells. In vitro, single neural stem cells proliferate to form clonally derived floating sphere colonies (neurospheres), which contain cells that, upon dissociation into single cells, give rise to new sphere colonies (self-renewal) and cells that can differentiate into neurons or glia (multipotentiality). Fibroblast growth factor-2 (FGF2)-responsive neural stem cells first appear in vivo at embryonic day (E) 8.5 and a separate and additive population of epidermal growth factor (EGF)-responsive neural stem cells arises from the earlier born FGF2-responsive stem cells by asymmetric division between E11 and E13 (Burrows et al. 1997; Mayer-Proschel et al. 1997; Tropepe et al. 1999 ). Both FGF2-responsive and EGF-responsive neural stem cells expand their populations and extend their cell cycle times during later embryogenesis (Martens et al. 2000) . In the adult forebrain, neural stem cells are present as a relatively quiescent subpopulation in the subependyma, a remnant of the embryonic germinal zone (Morshead et al. 1994 ). This population persists into senescence, and the number is maintained throughout life (Tropepe et al. 1997) . Thus, the generation and the size of the neural stem-cell population are tightly regulated during embryogenesis as well as in the adult. Recent evidence suggests that Notch signaling plays a role in preserving the neural stem-cell population. Mice deficient for Hes1, one of the downstream effectors of Notch signaling, display a decrease in the number of embryonic neural stem cells (Nakamura et al. 2000) ; however, how Notch activation underlies the existence of neural stem cells and regulates the size of neural stem-cell pools throughout life is unclear.
The Notch-signaling pathway is crucial for many diverse cell-fate decisions during development in vertebrates and in invertebrates (Kimble and Simpson 1997; Artavanis-Tsakonas et al. 1999; Selkoe 2000) . After binding the ligands Dll or Jagged in mammals, the intracellular domain of the Notch receptor (NICD) is cleaved and then the signal is transmitted to the nucleus via a mediator, RBP-J in mammals (Schroeter et al. 1998; Qi et al. 1999) . Activation of Notch signaling results in altered expression of target genes such as Hes1/5 (Kageyama and Nakanishi 1997) . The protease that is responsible for the cleavage of the Notch receptor at the plasma membrane and the generation of NICD has not yet been identified definitively. Recent evidence suggests that presenilins are essential participants in this cleavage event or could themselves be the proteases dubbed as ␥-secretase (Selkoe 2000) . Thus, the presenilins may be key molecules regulating the activity of the Notch-signaling pathway, and mice deficient for presenilin1 (PS1) have neurodevelopmental abnormalities in the germinal zone of the forebrain (Shen et al. 1997; Wong et al. 1997) .
Using mice as well as embryonic stem (ES) cells deficient for presenilins, Notch1, or RBP-J, we asked whether neural stem cells can be generated during embryogenesis and whether they can be maintained without appropriate Notch activation. Multipotent neural stem cells can be formed from RBP-J −/− ES cells, but Notch pathway molecules are essential in neural stem cells both to expand their population size by dividing symmetrically in the developing brain and to maintain the size of the neural stem-cell pool in the adult brain. A gene dosage effect of PS1 also was observed on the cell cycle times of the remaining neural stem cells in the adult brain. Our results suggest that PS1 and subsequent appropriate Notch signaling play an important role in the homeostasis of the mammalian central nervous system.
Results

Neural stem cells are scarce in the early embryonic brains of Notch1
−/− and RBP-J −/− mouse Neural stem-cell behavior can be operationally defined (and empirically tested) as the ability to proliferate and produce progenitor cells, self-renewal capacity, and neural multilineage potential. By use of an in vitro, colonyforming (neurosphere) assay, neurospheres were generated from single neural stem cells of embryonic mouse brains, and were examined for the expression of genes involved in the Notch-signaling pathway. The neurospheres derived from E14.5 CD1 mouse brains expressed all of the Notch pathway genes examined by RT-PCR (Fig. 1A) ; Jagged1 and Dll1/3, Notch ligands; presenilins, which cleave Notch and regulate Notch activation; Notch1, one of Notch receptors; RBP-J, a transcription factor that is essential for downstream activation of target genes; and Hes1/5, target genes of Notch signaling . Neurospheres derived from adult mouse subependyma showed the same gene expression profiles (data not shown).
We then used the neurosphere assay to examine the numbers of neural stem cells in embryonic brains deficient for the Notch1 or RBP-J genes. Neural stem cells were depleted almost entirely in the E10.5 Notch1 −/− brains (P < 0.05, Fig. 1B ) and absent in the E8.5 RBP-J −/− brains (P < 0.05, Fig. 1C ) compared with their littermate controls, suggesting the pivotal role of Notch signaling in the existence of neural stem cells in the embryonic brain. However, the early death of Notch1 −/− (between E10.5 and E11.5; Conlon et al. 1995) and RBP-J −/− (soon after E8.5; Oka et al. 1995) embryos, and the scarcity of neural stem cells in these embryos made it difficult to further analyze the roles of Notch signaling. Therefore, we utilized PS1-deficient embryos, which can survive until birth (Shen et al. 1997; Wong et al. 1997) . RT-PCR analysis of Notch-signaling pathway gene expression. Neurospheres as well as primary tissues from E14.5 ganglionic eminence of CD1 mouse embryos expressed all of the genes examined; Jagged1, Dll1/3, PS1/2, Notch1, and Hes1/5 . GAPDH was used for standardization of the samples. RT (+ and −) indicate that the RNA samples were treated with or without reverse transcriptase. (B) Neural stem cells were depleted almost entirely in E10.5 Notch1 −/− forebrains (n = 3), whereas they were detected in the control (Notch1 +/− and wild-type littermates) forebrains (n = 7; P < 0.05). (C) Neural stem cells were absent in E8.5 RBP-J −/− forebrains (n = 11), whereas they were present in the control (RBP-J +/− and wild-type littermates) forebrains (n = 25; P < 0.05). The graphed results are shown as means ± S.E.M. −/− (76.8 ± 3.2%, n = 2) and control (79.9 ± 1.9%, n = 6) brains. A slight, but nonsignificant, increase in ␤III tubulin + cells was observed in these acutely dissociated cells from PS1 −/− brains (8.9 ± 0.5% vs. control 5.6 ± 1.7%). Neither MAP2 + nor GFAP + cells were detected in either group.
E14.5 neural stem cells are depleted in the PS1
Using the neurosphere assay, we examined the number of neural stem cells in the presenilin-deficient embryonic brain. The number of neural stem cells isolated from the E14.5 PS1 −/− brains was decreased by 93% compared with their wild-type littermate controls (P < 0.05, Fig. 2A ). We have shown previously that separate, but coexisting populations of FGF2-responsive and EGF-responsive neural stem cells are present at E14.5 (Tropepe et al. 1999) . EGF-responsive neural stem cells were also depleted in the PS1 −/− brains (data not shown), excluding the possibility that the FGF-responsive neural stem cells are selectively affected by the PS1 mutation. The cerebral hemorrhages frequently observed in the PS1 −/− brain at this stage might influence the survival of the neural stem cells. However, this possibility seems unlikely because the decrease in the number of neural stem cells was found as well in PS1 −/− brains without any hemorrhage (2 of 12 brains). The disruption of the PS2 gene alone has little effect on the normal development of mice, but it enhances the phenotype in PS1 −/− embryos (Donoviel et al. 1999; Herreman et al. 1999) . Consistent with this, no neurosphere colonies were found in the cultures of ganglionic eminence cells from E14.5 PS1 −/− ;PS2 +/− embryos. Single primary neurosphere colonies were capable of producing new secondary neurosphere colonies after 7 d in vitro. The number of descendant secondary neurospheres generated from the subcloning of a single primary neurosphere can be considered as an estimate of the extent to which the initial primary neurosphereforming stem cell underwent symmetric (expansionary) divisions . The numbers of secondary neurosphere colonies from the E14.5 PS1 
and PS1
−/− brains were decreased by 77% and 95%, respectively, compared with their wild-type littermate controls (P < 0.05, Fig. 2B ), suggesting that E14.5 neural stem cells with mutated PS1 alleles show less self-renewal capacity.
To assess neural stem-cell multipotentiality, primary neurospheres were cultured on a basement matrix in the presence of 1% serum for 7 d. The cells, which spread out from the spheres, were immunostained for MAP2 (neurons), GFAP (astrocytes), and O4 (oligodendrocytes) (Fig. 2C) . The single neurosphere cells from PS1 +/+ and PS1 −/− mice differentiated into neurons, astrocytes, or oligodendrocytes in vitro, showing that the neural stem cells were multipotent. However, the neurospheres derived from E14.5 PS1 −/− neural stem cells gave rise to more neuronal progeny, as well as more astroglial progeny, than those from wild-type neural stem cells (Fig.  2D ).
These observations suggest that neural stem cells are depleted in the E14.5 PS1 −/− and PS1
−/−
;PS2 +/− brains and that neural stem cells in the E14.5 PS1 −/− brains have an impaired capacity to self-renew, one of the cardinal properties of neural stem cells. The remaining E14.5 PS1 −/− neural stem cells maintain their multilineage potential, and actually give rise to more neuronal and astroglial progeny when differentiated in vitro.
We next determined the size of neural stem-cell population in PS1 mutant brains across development and ask whether the PS1 gene has a gene-dosage effect (Fig. 2E) . The PS1 −/− neural stem-cell population, which was generated and found to have a normal size at E9.5, was reduced 85% over the next 24 h (P < 0.05) and by 93% at E14.5 as compared with wild-type controls. The PS1 +/− neural stem-cell population, which showed a statistically nonsignificant decrease during embryogenesis, was reduced by 27% at 12 wk and by 40% at 24 wk (both P < 0.05), relative to their appropriate wild-type controls. Thus, a mutation of the PS1 gene has a clear gene dosage effect on the maintenance of the neural stem-cell population. (Niwa et al. 1999; Soriano et al. 2001) . To test whether diminished Notch signaling is responsible for the depleted neural stem cells in E14.5 PS1 −/− brains, we introduced an active form of Notch1 (Myc-Notch1IC, Fig. 3A) into PS1 −/− precursor cells via a retroviral construct carrying a green fluorescent protein (GFP) marker gene in vitro, and cultured the cells in the neurosphere assay. The resultant primary neurospheres showed various patterns of GFP expression, because infection and retroviral gene integration may occur at several different times during sphere formation. We picked up individual primary neurospheres containing GFPpositive cells under a fluorescent microscope, dissociated them, and then plated them to generate secondary neurospheres. More secondary clonal neurospheres were grown from Notch1IC-pMXIE-infected PS1 −/− progeny neurospheres than from pMXIE-infected or nonretrovirus-infected PS1 −/− neurospheres ( Fig. 3B ). Although the secondary neurospheres (either with Notch1IC-pMXIE or with control retrovirus) consisted of GFP + and GFP − spheres, most of the secondary neurosphere colonies of Notch1IC-pMXIE-infected primary neurospheres were GFP + (Fig. 3C ), and were verified to express Notch1IC protein by anti-Myc immunostaining (Fig. 3D ). The expression levels of GFP and Myc in cells of clonal GFP + secondary neurospheres still varied, possibly related to partial suppression of the transgene expression. Using GFP + secondary neurospheres, we next asked whether introduction of Notch1IC could rescue the effect of the PS1 mutation on neuronal differentiation (Fig. 3E,F) . The percentages of differentiated MAP2 + cells were quantified, and Notch1IC expression was found to decrease the percentage of MAP2 + neurons in PS1 −/− secondary neurospheres (Fig. 3F ). These results suggest that diminished Notch signaling is responsible, at least in part, for the decrease of E14.5 PS1 −/− neural stem cells and for the increase in their neuronal differentiation.
Introduction of active
Active Notch1 maintains neural stem cells in vivo
The results of the in vitro retroviral rescue experiment suggest that the active form of Notch1 enhances the symmetric division in vitro of neural stem cells from the E14.5 PS1 −/− brain, which have self-renewal defects. We asked whether similar gain-of-function effects of Notch1IC would be seen in wild-type neural stem cells in vivo. Retroviral particles (1 × 10 4 cfu in 0.5 µL) were injected into the right lateral ventricle of P1 mice, and the mice sacrificed 36 h, 7 d, or 42 d later. Cells surrounding the forebrain lateral ventricle were cultured in the neurosphere assay for 7 d. Dissections performed 36 h after injection yielded comparable numbers of in vitro GFP + neurosphere colonies from Notch1IC-pMXIE-injected and control pMXIE-injected hemispheres (Fig. 4A ), which suggests that the two types of retrovirus were of similar titer and had a similar efficiency in infecting proliferating neural precursor cells in the brain.
At P8 (7 d after injection), six times more GFP + neurosphere colonies were produced from dissections of Notch1IC-pMXIE-injected mice than from dissections of the control pMXIE-injected mice (Fig. 4A ). Given that most of the proliferating cells at P1 in vivo are the progeny of neural stem cells and not the stem cells themselves, these results suggest that the expression of Notch1IC may prevent progenitor cells from differentiating further or may revert them from progenitor cells to neural stem cells. The GFP + neurosphere colonies from both groups were passaged to produce GFP + secondary neurospheres (showing self-renewal, data not shown) or were plated and differentiated into neurons and astroglia (showing multipotentiality, Fig. 4B ). The expression of Notch1IC suppressed the differentiation of sphere colony progenitor cells both into neurons (Fig. 4C ) and into astroglia (Fig. 4D) .
Over the 5-wk survival between P8 and P43, GFP + neurosphere colonies from the control pMXIE-injected mouse brains were reduced from 82 spheres/hemisphere to 15 (82% reduction). This reduction was proportional to the loss in total number of neurospheres (GFP + and non-GFP + ) in the control pMXIE-injected mouse brains (82%; 6533 spheres/hemisphere at P8 to 1149 at P43). This loss could be due to death of the stem cells or to the fact that many of the early postnatal neurospheres were actually progenitor cell colonies that showed some selfrenewal ability in vitro, but had no long-term self-renewal ability in vivo. On the contrary, the relative reduction in the number of GFP + neurospheres from the Notch1IC-pMXIE-injected mouse brains was much smaller (371 spheres/hemisphere to 215, 42% reduction), 4 cfu in 0.5 µL) generated from pMXIE or Notch1IC-pMXIE plasmids were injected into the right lateral ventricle of P1 mice. (A) The numbers of GFP + neurosphere colonies from the hemispheres of injected sides were determined 36 h, 7 d, or 42 d after the injection. Significantly more GFP + sphere colonies were found in the hemispheres injected with the Notch1IC-pMXIE retrovirus than with the pMXIE retrovirus after 7-d survival (pMXIE; n = 8 vs. Notch1IC-pMXIE; n = 9, P < 0.05) as well as after 42-d survival (pMXIE; n = 8 vs. Notch1IC-pMXIE; n = 8, P < 0.05). (B) Single GFP + sphere colonies derived from brains 7 d after infection with retrovirus at P1, were induced to differentiate and immunolabeled for MAP2 and GFAP. Bar, 25 µm. (C,D) The percentages of the cells expressing MAP2 (C) and GFAP (D) were quantified to reveal that smaller percentages of neurons expressing MAP2 and astrocytes expressing GFAP were observed differentiating from the brain injected with Notch1IC-pMXIE (n = 8) compared with those with pMXIE (n = 8) (P < 0.05). The graphed results are shown as means ± S.E.M. and this reduction was lower than that of total neurospheres (82%; 7416 spheres/hemisphere at P8 to 1327 at P43). These results are consistent with the notion that the expression of Notch1IC either converts some neural progenitor cells into neural stem cells or enhances the survival of neural progenitor cells in the early postnatal brains (ideas that are difficult to discriminate between). The expression of Notch1IC in authentic, definitive neural stem cells also may modify cell kinetics, mechanisms of which include increasing the cell cycle times and/or promoting the symmetric division.
Multipotent neural stem cells can be generated without RBP-J, but cannot be maintained in vivo or in vitro
To investigate whether neural stem cells can be generated initially in the absence of all Notch signaling, a PS1 −/− ;PS2 −/− genotype, or alternatively a RBP-J −/− genotype, is required. However, the fact that we currently are unable to detect multipotent neural stem cells in embryonic brains earlier than E8.5 (Tropepe et al. 1999) , when a neural plate already exists, makes it difficult to analyze the generation of neural stem cells. Recently, we reported a clonal colony-forming assay, in which ES cells can be induced in serum-free medium to make sphere colonies (referred to as primitive neural stem cell-derived spheres), which contain multipotent neural lineage cells with self-renewal ability (Tropepe et al. 2001) . Therefore, the initial generation of neural stem cells in vitro was assayed by use of RBP-J −/− ES cells. There were no differences between wild-type and RBP-J −/− ES cells (Fig. 5A ) in the generation of primitive neural stem cell-derived sphere colonies. To assess self-renewal capability, single ES cell-derived sphere colonies were serially dissociated to generate secondary and then tertiary sphere colonies. The RBP-J −/− ES cell-derived sphere colonies formed fewer secondary and tertiary sphere colonies than wild type (Fig. 5B) , suggesting that RBP-J −/− primitive neural stem cells have a decreased selfrenewal capacity. To verify multipotentiality, primary ES-derived spheres with wild-type or RBP-J −/− genotypes were plated on the basement matrix and induced to differentiate in the presence of 1% serum for 7 d. The cells were immunostained to assess the differentiation into immature neurons (␤III tubulin), neurons (MAP2), astrocytes (GFAP), and undifferentiated neural lineage cells (Nestin). Whereas most of the cells derived from ES cell-derived spheres remained Nestin + -undifferentiated neural lineage cells, some of the remaining cells differentiated into neurons and astroglia (Fig. 5C ). Robust differentiation into ␤III tubulin + or MAP2 + neuronal cells was observed from RBP-J −/− sphere colonies (Fig. 5C ). 
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Cold (Fig. 5D ). Similar levels of Hes1 expression were observed in E14.5 PS1 −/− and wild-type ganglionic eminence neurospheres (data not shown). These findings suggest that signaling pathways other than the Notch pathway may activate Hes1 expression. On the other hand, no Hes5 expression was present in RBP-J −/− ES cell-derived sphere colonies (Fig. 5D) . The weaker expression of Hes5 detected in undifferentiated RBP-J −/− ES cells than in wild-type ES cells (in which Notch signaling drives Hes5 expression in addition to the baseline nonspecific expression) might be an example of the low level nonspecific expression of a variety of genes in undifferentiated ES cells (Elefanty et al. 1997 ).
These observations suggest that multipotent neural lineage cells (primitive neural stem cells) can be generated in vitro in the absence of RBP-J. The RBP-J −/− ES cell-derived primitive neural stem cells showed less selfrenewal and more neuronal differentiation; data that are consistent with the results from PS1 −/− definitive neural stem cells.
Decrease in the division times of neural stem cells in adult PS1
+/− mice Neural stem cells expand their population during midto-late embryogenesis by dividing symmetrically; they also increase the length of their cell cycle times as development proceeds in vivo (Martens et al. 2000) . For example, the average cell cycle time of the FGF2-responsive stem cells of the E11.5 embryo was estimated to be 17.6 h and that of E17.5 embryo to be 48.4 h. After birth, forebrain neural stem cells further slow their cell cycle times to become the relatively quiescent adult neural stem cells, which divide asymmetrically once every 15 d to self-renew and give rise to mostly short-lived, constitutively proliferating progenitor cells (Morshead et al. 1998) . The effects of a null mutation of one of the PS1 alleles on the in vivo cell cycle times of the adult neural stem cells and their progeny were investigated. We used two versions of an in vivo BrdU-labeling paradigm to test whether first, the cell cycle time of adult PS1 +/− neural progenitor cells is altered, and second, to estimate the relative cell cycle time of adult PS1 +/− neural stem cells compared with those in wild-type mice.
First, a short-term BrdU-labeling procedure (five injections of BrdU every 3 h with sacrifice 1 h after the last injection) was used to label the entire constitutively proliferating progenitor population in the adult forebrain subependyma over its estimated cell cycle (12.7 h) (Morshead et al. 1998). There were comparable numbers of
BrdU-labeled progenitor cells in adult PS1
+/− subependyma and in their wild-type controls (Fig. 6A-C) . Given that the number of neural stem cells in the adult PS1 +/− brains was decreased by 40% compared with wild type (Fig. 2E) , the results showing no differences in the numbers of the short-term BrdU-labeled cells (the progeny of the stem cells) in adult PS1 +/− and wild-type brains can be interpreted in two ways as follows: PS1 +/− neural stem cells may divide with a shorter cell cycle time than wild type in an attempt to replenish the constitutively proliferating progenitor population, or alternatively, the PS1 +/− constitutively proliferating population may reside longer within the forebrain subependyma. To distinguish between these alternatives, we used a second, long-term BrdU-labeling paradigm (five injections every 3 h as above, but with sacrifice 30 d after the last injection). In this paradigm, the constitutively proliferating cells divide during the 30 d after the BrdU injections, thereby diluting the BrdU label below the threshold of immunofluorescent detection, or leave the subependyma to become differentiated post-mitotic neurons and glia, or die (Morshead et al. 1998) . Thus, the BrdU-labeled cells remaining within the subependyma 30 d after the BrdU injections should be neural stem cells (Morshead et al. 1998) . It is important to note that these 30-day-survival BrdU + cells represent only a small subpopulation (usually <5%) of all of the neural stem cells, and that the number of BrdU + cells depends on the cell cycle time of neural stem cells. Surprisingly, there were 57% more 30-day-survival BrdU + cells in the adult PS1 +/− brains than in their wild-type controls (Fig. 6D-F) . The only way to interpret the decrease of neurosphereforming cells in vitro (an assay for total population of neural stem cells) and the increase of 30-day-survival BrdU + cells in the adult PS1 +/− brains in vivo (an assay for a dividing subpopulation of neural stem cells) is to conclude that the smaller numbers of PS1 +/− stem cells divide more quickly. The total number of long-term survival BrdU + cells in vivo will be proportional to the labeling period (constant between two groups) and the number of neural stem cells (60% in adult PS1 +/− brains relative to wild type), and inversely proportional to the cell cycle time of the neural stem cells. Accordingly, the estimated relative cell cycle time of adult PS1 +/− neural stem cells in vivo is shorter (∼38% of that of wild-type mice). One may still argue that given the tendency of PS1 +/− neural stem cells to differentiate prematurely, some of the 30-day-survival BrdU-labeled cells in the adult PS1 +/− brains could be postmitotic neurons or glia rather than neural stem cells. This possibility seems unlikely, however, because no accumulation of the cells was observed in the subependyma of the adult PS1 +/− brains (data not shown).
Thus, a heterozygous null mutation of PS1 depletes the numbers of adult neural stem cells by producing a deficit in their self-renewal ability, but the remaining adult forebrain neural stem cells proliferate more quickly in an attempt to compensate for the deficit.
Discussion
Although multipotent neural lineage cells (primitive neural stem cells) can be generated in vitro in the complete absence of RBP-J, a mediator of Notch receptor signaling, activation of the Notch-signaling system is indispensable for the in vivo maintenance of the definitive neural stem-cell population in the tissue surrounding the forebrain lateral ventricle over the entire life span. Attenuated Notch signaling by means of a homozygous mutation in the Notch1, RBP-J, or PS1 genes disrupts embryonic neural stem-cell self-renewal, and because there are less symmetrical and self-renewing divisions by the Notch-signaling deficient neural stem cell, there is more neuronal and more astroglial differentiation of the neural progenitor cells that are the asymmetric progeny of the neural stem cells. A heterozygous mutation in the PS1 gene reduces the number of adult neural stem cells, and drives those remaining to proliferate more rapidly in vivo.
Generation of multipotent neural lineage cells in the absence of RBP-J
An important conclusion of the present study is that primitive neural stem cells can be generated from single RBP-J −/− ES cells, and form clonally derived floating sphere colonies in vitro. Although accumulating evidence suggests the existence of RBP-J-independent Notch-signaling pathway (Shawber et al. 1996; Matsuno et al. 1997) , RBP-J is a major mediator of Notch signaling. Thus, initial neural induction appears to be independent of Notch signaling in mammals. We have suggested that neuralization from pluripotent ES cells happens through a default mechanism in mammals (Tropepe et al. 2001) . The RBP-J −/− ES-derived sphere colonies contain stem cells that are capable of proliferating and making new neurospheres at least twice (self-renewal) and contain progenitor cells that are capable of differentiating into neurons and glia (multipotentiality). Thus, the RBP-J −/− ES-derived sphere colony cells show the cardinal features of neural stem cells that are displayed by neural stem cells isolated from the brain in vivo. However, it is worth noting that there are important differences between ES cell-derived sphere colonies and neurospheres derived from the embryonic and adult forebrain (Tropepe et al. 2001) . ES cell-derived sphere colony cells retain a greater degree of pluripotency as assayed by their ability to colonize various neural and non-neural embryonic tissues in chimeric embryos in vivo (Clarke et al. 2000; Tropepe et al. 2001) . We suggest that the primitive neural stem cell derived from ES cells may be a transient cell in vivo (as ES cells themselves are), or perhaps even more of a potential cell in vivo, in that the primitive neural stem cell is a default state that is inhibited in vivo by factors that may keep neural stem-cell generation in check until definitive neural stem cells are created as the neural plate forms later in embryogenesis.
Notch signaling is essential for the maintenance of definitive neural stem cells in vivo and in vitro
We suggest that the Notch receptor-signaling pathway participates in the maintenance of the neural stem-cell population for several reasons. First, neural stem cells are missing almost completely in the E10.5 Notch −/− and E8.5 RBP-J −/− brains, whereas they exist in the appropriate control brains. Second, the relative number of neural stem cells in the PS1 −/− brains relative to their wildtype littermate controls decreases across embryogenesis. The size of neural stem cell pools in PS1 −/− brains, which is comparable to wild-type at E9.5 (92% of wild type), decreases to 15% of wild type only 24 h later, and then to 7% of wild type at E14.5. It should be noted that the neural stem-cell population of wild-type brains rapidly expands by symmetric divisions during this period (Martens et al. 2000) . Thus, the neural stem-cell population in the PS1 −/− brain still may increase in absolute size through embryogenesis, but at a much slower pace compared with the wild-type brain. This suggests that PS1 −/− neural stem cells may divide more asymmetrically, in Notch maintains neural stem cells
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Cold Spring Harbor Laboratory Press on October 18, 2017 -Published by genesdev.cshlp.org Downloaded from contrast to the predominant symmetric division of wildtype neural stem cells during embryogenesis. Third, the dissociation of single primary PS1 −/− neurospheres from E14.5 brains produced fewer secondary neurospheres as compared with wild-type spheres, further suggesting that fewer numbers of neural stem cells were generated by symmetric division in vitro in primary PS1 −/− spheres. This decline of the self-renewal ability of PS1 −/− neural stem cells was partially rescued by transducing a constitutively active form of the Notch1 gene, suggesting that the diminished Notch signaling is responsible for the attenuated self-renewal of PS1 −/− neural stem cells. Finally, the size of the neural stem-cell population in adult PS1 +/− brains decreased with age relative to their littermate wild-type controls. Because the number of sphere colony-forming cells in adult forebrains is stably maintained over the life span (Tropepe et al. 1997 ), a decrease in the absolute number of adult neural stem cells in adult PS1 +/− brains could be explained as follows: in wild-type brains, individual adult neural stem cells divide asymmetrically to produce one daughter neural stem cell with a long cell cycle time (>15 d) and one neural progenitor that divides once every 12 h for 15 d, producing progeny that die or differentiate into neurons that migrate to the olfactory bulb (Lois and AlvarezBuylla 1994; Morshead et al. 1998) . Some PS1 +/− adult neural stem cells may be lost through postnatal life, through death, or by division into two progenitor cells, and this could account for the decreased self-renewal ability of PS1 +/− adult neural stem cells. In addition, if wild-type adult neural stem cells are also occasionally lost by death or by division into two progenitor cells, then another wild-type neural stem cell may replenish the lost stem cell by dividing symmetrically to maintain the size of the adult neural stem-cell population. Although there is no evidence for such wild-type adult neural stem-cell replenishment in vivo under baseline conditions, PS1 +/− neural stem cells would have less capacity to replenish the lost neural stem cells by symmetric division than wild-type neural stem cells.
Our findings are consistent with a previous study showing that the numbers of neural stem cells in E10.5 Hes1 −/− brains (and their self-renewal ability) were decreased in comparison with controls (Nakamura et al. 2000) . Given that Hes1 is one of the target genes of Notch signaling and its expression is enhanced by the activation of the Notch pathway, the decrease of neural stem cells in embryonic PS1 −/− brains might be ascribed to the suppression of Hes1 expression. This is unlikely, however, because comparable levels of Hes1 expression were observed in PS1 −/− and control brains by in situ hybridization and Northern blotting (Handler et al. 2000) . Comparable Hes1 levels were seen as well in PS1 −/− and wild-type neurospheres (data not shown), and even in RBP-J −/− and wild-type ES cell sphere colonies by RT-PCR (this study). It may be the activation of Hes1 that is important in Notch signaling, rather than its baseline expression levels. On the other hand, a decreased expression of Hes5 was observed in PS1 −/− brains (Handler et al. 2000) and in RBP-J −/− ES cell sphere colonies (this study). Given that a deficit of either Hes1 (Nakamura et al. 2000) or Hes5 (this study) expression could result in a reduced self-renewal of neural stem cells, cooperative expression of both of the Hes1 and Hes5 genes might be essential for Notch effects on neural stem cells.
PS1 mutation may affect the cell cycle time of adult neural stem cells in vivo
The present data provide the first suggestion that the cell cycle times of neural stem cells may be altered in mice with PS1 mutations. By using long-term BrdU-labeling as an assay for adult forebrain neural stem cells in vivo, a 57% increase of a BrdU-labeled, dividing subpopulation of neural stem cells in PS1 +/− brains as compared with wild-type controls was seen. Given the 40% decrease in the number of entire PS1 +/− neural stem cells compared with wild type as assayed in vitro at the same age in the same mutant mice, the only way to interpret all of these findings is that PS1 +/− neural stem cells may divide more quickly in the adult in vivo, with an estimated cell cycle time that is 38% of the cell cycle time of wild-type neural stem cells. Neural stem cells extend their cell cycle times during embryogenesis (Martens et al. 2000) and lengthen them even further in adulthood, when the cell cycle time of neural stem cells is estimated to be >15 d (Morshead et al. 1998) . Our findings can be interpreted in at least two ways. First, attenuated Notch (or other cascade) signaling in PS1 +/− neural stem cells may directly release the adult neural stem cells from relative quiescence. A deficiency of PS1 results in the accumulation of cytosolic ␤-catenin, which, in turn, increases cyclin D1 transcription and accelerates entry into the S phase of the cell cycle (Soriano et al. 2001) . Consistent with this idea, a gain-of-function study showed that Notch activation induces quiescence in precursor cells from the E14.5 mouse telencephalon (Chambers et al. 2001) , although Notch activation may, on the contrary, induce cyclin D1 and promote proliferation in at least one cell line (Ronchini and Capobianco 2001) . A second possible explanation suggests that the decrease in neural stem cells and, subsequently, in their progeny (the constitutively proliferating subependymal progenitors) indirectly may induce the proliferation of neural stem cells to replenish the progenitor population through unknown feedback mechanisms. Killing the adult subependymal constitutively proliferating cells (the immediate progeny of neural stem cells) with high doses of tritiated thymidine in vivo, induces most of the neural stem cells to enter S phase within a few days (Morshead et al. 1998) . In either case, shortened cell cycle times, and, hence, more cell divisions, may enhance the chance that a PS1 −/− neural stem cell will give rise to two progenitor cells instead of one progenitor and one neural stem cell, and subsequently being lost as a neural stem cell.
Notch signaling may affect the maintenance of the neural stem state rather than providing an instructive differentiation signal
Historically, Notch signaling in Drosophila was thought to maintain cells in an undifferentiated state (ArtavanisTsakonas et al. 1995; Kimble and Simpson 1997) . More recently, gain-of-function evidence in mammals has suggested that Notch signaling directly and instructively induces glial differentiation (Furukawa et al. 2000; Gaiano et al. 2000; Morrison et al. 2000) . Some Notch-signaling loss-of-function studies in mammals seem consistent with this neuronal/glial fate switch idea, in that there is a premature appearance and increased number of postmitotic neurons expressing MAP2 or ␤III tubulin between E10.5 and E13.5 in the PS1 −/− brain (Shen et al. 1997; Handler et al. 2000) . Similarly, mice with mutations in other Notch-signaling molecules such as Notch1, RBP-J, or Hes1/5 have revealed premature neuronal differentiation (Ishibashi et al. 1995; de la Pompa et al. 1997; Ohtsuka et al. 1999) . However, it is worth noting that such mice with null mutations in Notch-signaling genes die in mid-to-late embryogenesis, when neurogenesis predominates over gliogenesis in vivo. A clonal analysis of E10 cortical cells in vitro showed that neuronal differentiation from single neural stem cells preceded gliogenesis in clonal cell colonies (Qian et al. 2000) . Thus, the in vivo analyses of Notch mutants may not allow sufficient time to assess whether gliogenesis is increased or decreased.
The present study of the loss-of-function and gain-offunction in Notch pathway molecules in vitro revealed that the PS1 homozygous mutation drives E14.5 neural stem cells to differentiate both into more neurons and more astroglia, and that the expression of the active form of Notch1 suppressed the differentiation of postnatal neural stem-cell progeny both into neurons and into astroglia. Our findings are therefore inconsistent with the idea that Notch signaling controls a neuronal/glial fate switch of neural stem cells in the central nervous system (Gaiano et al. 2000) , although it remains possible that the different times of the introduction of active Notch in neural stem cells (and thus the different in vivo progenitor cell environments) result in the apparently contradictory findings. Our data are more consistent with the idea that Notch signaling keeps cells in an undifferentiated state. PS1 −/− neural stem cells have a greater probability of dividing asymmetrically to produce neuronal progenitors early in vivo (and neuronal and glial progenitors in vitro), rather than of dividing symmetrically to produce two daughter neural stem cells as wild-type neural stem cells often do during early embryogenic development. Hence, neuronal progenitor cells in the PS1 −/− brain may differentiate prematurely from early asymmetric neural stem-cell divisions. Note that this hypothesis of premature neuronal division as a by product of the failure of symmetric divisions of forebrain neural stem cells with deficits in Notch signaling can be seen as an alternative to the idea that Notch signaling is directly and instructively involved in the fate choice between neuronal and glial differentiation in the mammalian central nervous system (Gaiano et al. 2000) . Our findings, therefore, are consistent with the idea of a primary defect in symmetric stem-cell self-renewal within the central nervous system.
Our gain-of-function study in vivo showed that enhanced Notch signaling (by transducing an active form of Notch1 via retroviral infection) increased the number of postnatal neural stem cells in the subependyma of the forebrain lateral ventricle. The cells expressing the active form of Notch1 showed self-renewal and multipotentiality, and, thus, they were neural stem cells. Our data suggest that Notch signaling encourages neural stem cells to divide symmetrically to increase the size of the neural stem-cell population, rather than to divide asymmetrically to produce progenitor cells in the embryonic brain, consistent with other gain-of-function studies showing that constitutively active Notch signaling inhibits the differentiation of neural progenitor cells in mammals (Ishibashi et al. 1994; Lardelli et al. 1996; Bao and Cepko 1997) . This hypothesis that Notch signaling enhances the symmetric and self-renewing division of neural stem cells predicts less glial differentiation from neural stem cells in the postnatal nervous system. This prediction appears inconsistent with recent studies suggesting an instructive role for Notch signaling to produce glia from neural progenitor cells in the mammalian central nervous system (Gaiano et al. 2000) . However, this inconsistency disappears if adult forebrain neural stem cells take on glial features but do not differentiate into unipotential glial cells. Notch signaling enhances GFAP transcription in adult hippocampus-derived progenitor cells (Tanigaki et al. 2001) , and at least some of the GFAP-expressing astrocytes in the adult forebrain subependyma appear to be neural stem cells (Doetsch et al. 1999 ).
Materials and methods
Animals and genotyping
The generation of Notch1, RBP-J, and PS1/2 mutant mice have been described previously (Conlon et al. 1995; Oka et al. 1995; Wong et al. 1997; Donoviel et al. 1999 +/− , and their wild-type littermates on a C57B16/ 129 F1 hybrid background, were used. Midday of the day the vaginal plug was found was termed embryonic day 0.5 (E0.5). They were genotyped as described (Conlon et al. 1995; Oka et al. 1995; Wong et al. 1997; Donoviel et al. 1999) .
Isolation of forebrain neural stem cells
The protocol used to generate neurospheres from embryonic brain in vitro has been described (Tropepe et al. 1999) . Briefly, timed-pregnant mice at the specified gestational ages were killed and head primordia of embryos were excised into fresh PBS. From E8.5 to E10.5 embryo, the head primordia were dissected and anterior neural tube tissue was teased gently away from surrounding head mesenchyme and overlying epidermal ectoderm. E14.5 brains were dissected by the removal of the epidermis and calvarium and tissues from the ganglionic eminence were excised. Postnatal day (P) 0-3 mice were anesthetized on ice and decapitated. The same protocol used for E14.5 brains was used to dissect striatal tissue from these mice. The collected tissue was dissociated mechanically in serum-free medium (see below) into a cell suspension.
P8 or adult brains were dissected as described previously (Tropepe et al. 1997) . Briefly, mice were killed via cervical dislocation, and their brains were aseptically excised. Medial and lateral portions of lateral ventricle subependyma were dissected from both hemispheres and then cut into 1-mm 3 pieces in oxygenized artificial cerebrospinal fluid. The tissue was digested with 1.33 mg/mL trypsin (Sigma), 0.67 mg/mL hyaluronidase (Sigma), and 0.2 mg/mL kynurenic acid (Sigma) to dissociate tissue at 37°C for 1 h. Tissue was transferred to serum-free medium containing 0.7 mg/mL trypsin inhibitor (Roche) and triturated with a fire-polished Pasteur pipette.
Cell culture
Cells were cultured in a neural stem cell colony-forming (neurosphere) assay (Reynolds et al. 1992) . Cells from embryonic forebrain were plated at 10 cells/µL in 24-well (0.5 mL/well) uncoated plates (Nunclon) in serum-free medium (Tropepe et al. 1999) containing 10 ng/mL FGF2 (human recombinant; Sigma) and 2 µg/mL heparin (Upstate Biotech). Cells from postnatal brains were plated as above in serum-free medium containing FGF2, heparin, and 20 ng/mL EGF (mouse submaxillary; Upstate Biotech).
To assess self-renewal, primary floating neurosphere colonies were subcloned by mechanically dissociating a single neurosphere colony in 0.2 mL of serum-free medium containing FGF2, heparin, and EGF, and plated in uncoated 96-well (0.2 mL/well) plates (Nunclon). Stem-cell self-renewal was assessed by identifying new neurospheres after a further 7 d in vitro.
Immunocytochemistry
Seven days after primary culture, single neurosphere colonies were transferred to individual wells of a 24-well culture plate (Nunclon) coated previously with Matrigel basement membrane matrix (0.6 mg/mL in serum-free medium; Becton-Dickinson) in 0.5 mL/well of the medium containing 1% FBS (GIBCO). Wells were processed 7 d later by use of immunocytochemistry as described previously (Tropepe et al. 1999 ). We used anti-MAP-2 mouse monoclonal (IgG) (1:1000; Roche), anti-GFAP rabbit polyclonal (IgG) (1:400; Chemicon), anti-O4 mouse monoclonal (IgM) (1:40; Roche), anti-nestin rabbit polyclonal (IgG) (1:400; a kind gift of Dr. R. McKay, NIH, Bethesda, MD), or anti-␤III tubulin mouse monoclonal (IgG) (1:400; Sigma) antibodies as primary, then followed by appropriate FITC-or TRITC-conjugated secondary antibodies. Cultures were counterlabeled with the nuclear stain Hoechst 33258 (1 µg/mL; Sigma).
Retrovirus preparation and infection
A replication-incompetent retroviral vector containing an internal ribosome entry site (IRES) sequence followed by enhanced GFP, pMXIE, was constructed from pMX (DNAX, Ohnishi et al. 1996) and pIRES2-EGFP (Clontech). An amino-terminal Myc epitope-tagged Notch1IC (Nye et al. 1994 ) encoding residues 1753-2531 was inserted to create Notch1IC-pMXIE. A packaging cell line, ⌽NX-Eco (ATCC 3443), was transfected transiently with the retroviral plasmids using FuGene 6 (Roche) and cultured for 3 d at 32°C. The supernatant was filtered and centrifuged to yield a titer >4 × 10 7 cfu/mL for both pMXIE and Notch1IC-pMXIE viruses. The virus solution was stored at −80°C until used. Ganglionic eminence cells were spin infected at 1000 rpm with 2 × 10 5 of retrovirus in the presence of 5 µg/ mL Polybrene (Sigma) at room temperature for 1.5 h. The retrovirus solution was then removed and the cells were plated in the usual sphere colony-forming condition. For in vivo infection experiments, CD1 P1 pups were anesthetized by ice-water immersion. Retrovirus (1 × 10 4 cfu in 0.5 µL) together with 0.1 mg/mL of Polybrene and Trypan Blue (Sigma) was manually injected into the right lateral ventricle of the brains using a 32-gauge needle (Hamilton). The needle was kept in the position for more than 1 min after injection to minimize leakage of the virus solution.
Bromodeoxyuridine labeling and detection
Mice were injected with bromodeoxyuridine (BrdU, Sigma) (65 mg/kg, i.p., dissolved in PBS) every 3 h for five injections and killed 1 h or 30 d after the last injection. Animals were overdosed with anesthetic and perfused transcardially with 4% paraformaldehyde/0.4% picric acid. Brains were removed and postfixed with the same fixative overnight, cryoprotected with 20% sucrose in PBS at 4°C, and then cryosectioned at 14-µm thickness. Sections were incubated in 1N HCl at 60°C for 30 min, then rinsed in PBS, and subsequently incubated in rat anti-BrdU antibody (1:100, Seralab) at 4°C overnight, follwed by FITC donkey anti-rat antibody (1:200, Jackson). The total number of BrdU-labeled cells was estimated using the optical dissector method (Coggeshall and Lekan 1996) in every eighth section from the rostral tip of the crossing of the corpus callosum rostrally and extending caudally to the rostral tip of the crossing of the anterior commissure.
Generation of ES cell sphere colonies
The establishment of embryonic stem (ES) cell lines carrying a heterozygously or homozygously disrupted allele of RBP-J gene in D3 cells has been described previously (Oka et al. 1995) . The ES cells were grown on mitotically inactive fibroblast feeder layers maintained in 15% fetal calf serum/Dulbecco's modified Eagle's medium containing LIF (1000 U/mL). Harvested ES cells were washed twice, centrifuged, and resuspended in chemically defined serum-free medium, and were subsequently plated at 20 cells/µL in 24-well plates (0.5 mL) containing LIF (1000 U/mL), FGF2, heparin, and B27 supplement (Life Technologies), as described previously for assaying primitive neural stem cell-derived sphere colonies (Tropepe et al. 2001) .
RT-PCR
Total RNA was isolated (RNeasy extraction kit, QIAGEN) and 1 µg of total RNA was used to synthesize cDNA with oligod(T) 12-18 primers and MoMLV reverse transcriptase (Superscript II; Roche) in a 25-µL reaction mixture at 42°C for 1 h. The PCR reaction mixture (20 µL) consisted of 1 µL of cDNA, 16 pmole each of 5Ј and 3Ј primers, 0.2 mM dNTP, 1.5 mM Mg 2+ , 2 µL of PCR reaction buffer, and 0.8 units of Taq polymerase (Promega). cDNA was amplified in a thermal cycler (Perkin-Elmer) with denaturation at 95°C for 30 sec, annealing at 56°C for 40 sec and extension at 72°C for 40 sec for 40 cycles. The sense and antisense primers used were as follows: Jag1, sense 5Ј-GTCCACG GCACCTGCAATG-3Ј; antisense 5Ј-CAAGGTTTGGCCTCG CACT-3Ј; Dll1, sense 5Ј-ACTCCTTCAGCCTGCCTGA-3Ј, antisense 5Ј-TATCGGATGCACTCATCGC-3Ј; Dll3, sense 5Ј-CTGGTGTCTTCGAGCTACA-3Ј, antisense 5Ј-ACACGTGC TAGCAGGTTCC-3Ј; PS1, sense 5Ј-AGCCAAGAACGGCAG CAGCAGCATGACAGGCAGAG-3Ј, antisense 5Ј-TACTGA AATCACAGCCAAGATGAGCCATGC-3Ј; PS2, sense 5Ј-AGC
